. Purification of a Cytochrome c-Releasing Factor As Histone H1.2 (A) Presence of cytochrome c-releasing activity in X-ray-irradiated thymic cytosol. The cytosolic fraction was obtained from the thymus of a normal rat (NT) and from the thymus of a rat 3 hr after exposure to 20 Gy of X-ray irradiation (IR). Each cytosolic fraction (150 g) was added to rat liver mitochondria (100 g) for the indicated time. Mitochondria were also incubated alone (Ϫ). In the experiments here and below, the release of cytochrome c was assessed by Western blotting. (B) Separation of cytochrome c-releasing activity by anion exchange column chromatography. Cytosolic fractions were obtained from thymi dissected 6 hr after rats were irradiated with X-rays (20 Gy) and were loaded onto a Poros HQ column. After proteins were eluted and desalted, they were incubated with isolated mitochondria (100 g), and cytochrome c release was assessed. Mitochondria were also incubated alone (Ϫ). "Total" represents the total amount of cytochrome c in the same amount of mitochondria. (C) Time-dependent increase of cytochrome c-releasing activity. Rat thymic cytosolic fractions were recovered at the indicated times after X-ray irradiation (20 Gy) and were loaded onto a Poros HQ column. Fractions corresponding to sections A and B in Figure 1B To determine their amino acid sequences, the 34 and 36 kDa proteins were excised from a gel and subjected damage-induced apoptosis by searching for a cytochrome c-releasing factor that appeared in the cytoto trypsin digestion, and the resulting peptides were separated by reverse-phase HPLC. Unexpectedly, the plasm after X-ray irradiation of the thymus. As a result, we isolated histone 1.2, one of the linker histones. Hispeptide maps of the 34 and 36 kDa proteins were quite similar ( Figure 1G ), suggesting that these were the same tone H1 normally binds to the linker DNA between nucleosomes, sealing off two turns of DNA around a protein with different modifications or else were two proteins from the same family. The sequences of three histone octamer, and is involved in the formation of higher-ordered chromatin structures and in the inhibiidentical peptides and two different peptides (shown by arrows and arrowheads, respectively, in Figure 1G 6 ) and subjected to mass spectrometry. Based on the observed molecular masses, the histone H1 subtype of each peak was assigned as described in the Figure 2F ), conman, 1998). After X-ray irradiation, however, histone sistent with the results shown in Figure 1 , although H1.5 H1.2 and other forms of histone H1 showed a timeand H1.1 showed some weak activity. These results dependent and X-ray dose-dependent increase in the indicated that histone H1.2 itself was able to release cytosol ( Figure 4A ). Consistent with the above, immunocytochrome c. Under our experimental conditions, the staining for histone H1 in healthy mouse embryonic ficytochrome c-releasing activity of histone H1.2 was broblasts (MEFs) revealed that this histone was only comparable to that of a known cytochrome c-releasing located in the nucleus, whereas it was also observed factor, truncated Bid ( Figure 2G ).
in the cytoplasm of X-ray-irradiated MEFs ( Figure 4B ), Next, we examined whether histone H1.2-induced cyindicating that an increase in the cytoplasmic fraction tochrome c release was accompanied by the mitochonoccurred after X-ray irradiation. drial permeability transition (PT), which is characterized Next, we examined whether cytoplasmic histone H1 by loss of ⌬ (the potential across the inner membrane; was different from nuclear histone H1 in mouse thymus. reviewed by Zoratti and Szabo, 1995) . As shown in Fig- The thymus cytosol of mice with and without X-ray irradiure 2H, histone H1.2 did not induce ⌬ loss (assessed ation and the nuclear fraction of nonirradiated thymus using rhodamine 123), whereas the ionophore CCCP were subjected to acid extraction to purify histone H1. caused complete dissipation of ⌬. table) . (E and F) p53-dependent increase of cytoplasmic histone H1.2 after X-ray irradiation. p53 ϩ/ϩ , ϩ/Ϫ , and Ϫ/Ϫ mice were exposed to 20 Gy of irradiation (IR [ϩ]). After 6 hr, the thymi were excised, and cytosolic fractions were collected. Cytosolic fractions were also obtained from nonirradiated mice. Aliquots (30 g) were subjected to Western blot analysis for detection of histone H1 and cytochrome c (E). Thymi were also lysed in isotonic buffer, and DEVDase activity was measured as described in Experimental Procedures (F). , 1995) , are known to be upregulated during X-ray-induced apoptosis. As shown in Figure 5D , data not shown). When these cells were irradiated and cytosolic fractions (free of mitochondria) were analyzed, however, the total histone H1 content remained unchanged in mouse thymus after X-ray irradiation. transcription of certain genes (Vignali and Workman, in both AS#2 and vec#2 cells ( Figure 7D) , and a cytosolic increase of histone H1 was not observed in p53-trans-1998), and since X-ray-induced apoptosis is at least partly controlled by a p53-dependent increase of profected vec#2 cells ( Figure 7E ). These results indicated that histone H1.2 was not involved in p53-induced apoapoptotic molecules (such as Bax, Perp, Noxa, p53AIP1, and Puma), the difference in apoptotic cytochrome c ptosis. The involvement of H1.2 in apoptosis induced by DNA double-strand breaks, but not other stimuli, was release between vec#1, vec#2 and AS#1, AS#2 cells might be due to a difference of p53-dependent tranconfirmed by silencing H1.2 using siRNA ( Figures 7F-7H and Supplemental Figure S4 ). scription. Therefore, we examined the expression of some p53-regulated molecules and found that the expression of p21, Bax, Perp, and Puma did not differ Histone H1.2-Deficient Mice Show Cellular between vec and AS cells ( Figure 6D ).
Resistance to X-Ray-Induced Apoptosis The requirement for histone H1.2 for X-ray-induced Finally, we examined mice lacking histone H1.2. These apoptosis was also assessed from the aspect of cell mice do not show any phenotypic abnormalities ( 
KO thymocytes than in wt thymo-3-transfected AS#1 and AS#2 cells died after irradiation cytes (Figures 8D and 8E). The reason that eliminating (Figures 6E-6G). A similar result was obtained when H1.2 has only a partial effect on X-ray-induced apoptosis apoptosis was assessed by annexin-V staining of GFPmight have been due to activation of the Bax pathway, positive cells (data not shown). To confirm the superior which is nonessential in the presence of histone H1.2 viability of AS cells after X-ray irradiation, AS#2 and
( Figure 1C) . Alternatively, it could be that other H1 subvec#2 cells were irradiated without DNA transfection, types can partially substitute for H1.2 in this role in H1.2 harvested, and cultured for 2 days. As can be seen in KO mice. We also examined the involvement of histone Figure these proteins, Bax, Noxa, Puma, TR3, p53, and p53AIP ptotic signaling molecules (e.g., Noxa, Puma, Perp, and p53AIP) have been identified on the basis of transcriphave been implicated in direct signaling to the mitochondria. Because DNA damage-induced apoptosis detional activation by p53. Some of these proteins indeed play a role in DNA damage-induced apoptosis because pends on the transcription factor p53 in many types of cells, many candidates for DNA damage-induced aporeduced expression of their genes results in only partial resistance to DNA damage. Such findings suggest that machinery must be affected by X-ray-irradiation, although the precise mechanisms involved are still to these candidate proteins function cooperatively or that a crucial signaling molecule is still undiscovered. In this be determined. It was reported that a fraction of phosphorylated hiscontext, it is interesting to note that deficiency of p53 or both of its relatives, p63 and p73, results in complete tone H1 is found in the cytoplasm at M phase, whereas the rest of phosphorylated H1 and all nonphosphoryresistance to doxorubicin-induced apoptosis and prevents the expression of p53-activated genes such as lated H1 remain bound to chromatin (Bleher and Martin, 1999). This suggests that the amount of cytoplasmic bax and perp in MEFs, indicating that transcriptional activation of these genes not only requires p53, but also phosphorylated H1 at M phase might not be sufficient for damaging the mitochondria. Alternatively, phosphorp63 or p73 (Flores et al., 2002) . In p63-or p73-deficient MEFs, apoptosis was slightly reduced, whereas tranylated H1.2 might not have cytochrome c-releasing activity. In fact, we could only detect histone H1 in the scriptional activation of Bax, Noxa, and Perp was comparable to that in p63 ϩ /p73
ϩ MEFs ( 
Experimental Procedures
We also used a Poros HS column (4.6 ϫ 100 mm; Applied Biosystems) equilibrated with buffer A after the Poros HQ column instead Information on reagents, amino acid sequencing, production of recombinant proteins, HPLC/MS, and microinjection can be found of the Superdex 200 and Mini S columns. Elution was carried out using 15 ml of a linear NaCl gradient (0-1 M). online in the Supplemental Experimental Procedures section.
To purify mouse H1, nuclei were isolated from the thymi of healthy mice, and histone H1 was partially purified by the acid extraction Measurement of Mitochondrial Biochemical Parameters method using 0.2 M sulfuric acid as described elsewhere (Kratzmeier Livers harvested from male Donryu rats were homogenized with a et al., 1999). Then the extract was dialyzed against distilled water glass-Teflon Potter homogenizer. Mitochondria were isolated in 0.3 and was loaded onto a Poros HQ column followed by a Mini S M mannitol, 10 mM potassium-Hepes (pH 7.4), 0.2 mM EDTA, and column, as described above. 0.1% fatty acid-free BSA, as described previously (Shimizu et al., 1998) . The mitochondria were washed twice and resuspended in the same medium without EDTA (MT-1medium). Mitochondria were Assay of Bak Activation HeLa cells were permeabilized for 3 min at 25ЊC with 30 g/ml also prepared from the livers of Bak knockout mice and their normal littermates. digitonin in isotonic buffer, and then incubated with the indicated proteins for 10 min at 25ЊC. Subsequently, the cells were fixed with Isolated mitochondria (1 mg/ml protein) were incubated with the indicated proteins at 25ЊC in MT-1 medium plus 100 M potassium paraformaldehyde and stained with an anti-active Bak antibody (Oncogene, Ab-1). phosphate (pH 7.4) and 4.2 mM succinate (MT-2 medium), after which ⌬ and cytochrome c release were measured. ⌬ was asFor detection of Bak oligomers, isolated mitochondria were incubated for 30 min with 10 mM BMH (an uncleavable protein crosssessed by measuring the ⌬-dependent uptake of rhodamine 123 using a spectrophotometer (Hitachi F-4500), as described elsewhere linker). Then the mitochondria were centrifuged at 15,000 ϫ g for 3 min, dissolved in 2ϫ sample buffer (0.2 M Tris-Cl [pH 6.8], 10% SDS-(Shimizu et al., 1998). For detection of cytochrome c release after a 30 min incubation, mitochondria (100 g protein) were centrifuged PAGE, 25% 2-mercaptoethanol, 25% glycerol, and 0.01% BPB) with 1 mM DTT, and boiled for 5 min to inactivate BMH. Oligomerized Bak at 12,000 ϫ g for 5 min, and aliquots of the supernatants were subjected to Western blot analysis using an anti-cytochrome c anwas detected by Western blot analysis using an anti-Bak antibody. tibody.
Cell Lines
MEFs, MCF7 cells, and HCT116 cells, which all possess a functional Preparation of the Cytosolic Fraction and Total Cell Lysate Male Donryu rats or p53-deficient mice and their normal littermates p53 gene, were cultured at 37ЊC in DMEM containing 10% fetal bovine serum under an atmosphere of 10% CO 2 . HeLa cells were were exposed to X-ray irradiation (20 Gy at a rate of 1.76 Gy/min; Radioflex 350, RIGAKU). The thymus was then excised from each maintained at 37ЊC in RPMI containing 10% fetal bovine serum under 10% CO 2 . MEFs were transfected with E1A and ras, as described animal and homogenized in 5 volumes of isotonic buffer (20 mM potassium-Hepes [pH 7.4], 10 mM KCl, 1.5 mM MgCl 2 , 250 mM previously (Lowe et al., 1993b) , in order to sensitize the cells to X-ray-induced apoptosis. Briefly, a retroviral PLPC vector carrying sucrose, 1 mM Na 2ϩ -EDTA, 1 mM DTT, and 0.1 M PMSF) by 15 strokes of a glass-Teflon Potter homogenizer. The homogenate was adenovirus 5 E1A and the puromycin-resistance gene or ras and the hygromycin phosphotransferase gene was used to transfect centrifuged at 100,000 ϫ g for 1 hr, and the supernatant was collected as the cytosolic fraction. Control cytosol was also obtained cells via the packaging cell line 2. MEFs were first transfected with E1A, and stable transfectants were selected by incubation with 2 from healthy animals in the same way.
For the detection of released cytochrome c, the cytosolic fraction g/ml puromycin. Next, E1A-transformed MEFs were transfected with ras, and stable transfectants were selected by incubation with was collected from MEFs and MCF7 cells after incubation with 0.3 mg/ml digitonin for 5 min at 37ЊC in isotonic buffer. The cells were 200 g/ml hygromycin. To reduce the expression of histone H1.2, MCF7 cells were transcentrifuged at 12,000 ϫ g for 5 min, and the supernatants (which mainly contained the cytosol but not the organelles) were subjected fected with the pUC-CAGGS expression vector bearing human histone H1.2 cDNA with the reverse orientation. to Western blot analysis.
